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Foreword xvii Step Function 682 My career in vehicle dynamics began more than thirty years ago in what I now see with the benefit of hindsight to have been the Dark Ages. In those days, we were guided as much by intuition and experience as by science. Our ability to deductively model the physical laws of dynamics was rather limited, and our ability to measure the dynamics of a vehicle was somewhat primitive, as was our ability to predict the performance of a particular geometry and set of components. As a consequence, we had to rely heavily on tuning experts to iron out the problems that we had inadvertently designed into the vehicle-a luxury that as an industry we can no longer afford.
In the intervening years, the science of vehicle dynamics has undergone a revolution. A great deal of excellent work has been done in the field of geometry, and the availability of virtually high-powered numerically intensive computing capability has enabled us to vastly expand our understanding of vehicle dynamics through the construction of theoretical models. These analytical methods are a mix of deductive, empirical, and hybrid types that now can help us come much closer to the optimal design prior to the prototype stage. This includes not only the design concept but also the parameterization of the design to reduce error states. The result is that the design and development processes have become much more streamlined and efficient, and the end product has improved greatly. Today's cars undoubtedly are much safer and more enjoyable to drive than those of thirty years ago, and much of this improvement can be traced back to the more extensive understanding and use of analytical methods.
But we cannot be complacent. We still must do time-consuming tuning, and some failure modes are still detected after the point of initial release. Our quest to build safer cars in a world of increasing competition and cost constraints will be possible only with the application of analytical predictive methods. New product cycle times are shrinking, model ranges are expanding, and the cost of building prototypes is rising, making it imperative that we find faster and more efficient ways of working.
Despite all the technological advances we have made, vehicle dynamics remains an art as much as a science. It requires the exercise of good judgment in matters such as how to translate a customer's requirements into objective metrics that engineers can measure, and how to balance many competing requirements-such as ride, handling, and braking-within a package that is both affordable and consistent with the distinctive attributes of a particular brand.
This book will not teach you how to exercise good judgment-only first-hand experience can do that-but it will give you an excellent foundation in this fascinating and important field. A combination of theoretical fact and practical insight, this book will help you to play your part in meeting the challenges of vehicle dynamics in the twentyfirst century.
Preface
This book provides a fundamental understanding of how physical laws, human factor considerations, and design choices interact to determine the ride, handling, braking, and accelerating behavior of road vehicles used for personal transportation. It presents the dynamics of road vehicle systems from a perspective that unifies the treatment of the causes of physical events with a treatment of the reasons for physical functions. Emphasis is placed on the observation that driver vehicle system behavior is constrained by physical law, but the driver's objectives and the designer's goals ultimately will determine how the system is utilized and configured.
Currently, the driver's skill, situation awareness, and knowledge largely determine control qualities in service. However, systems aimed at aiding the driver in controlling the vehicle are being developed and sold, such as anti-lock braking systems, adaptive cruise control systems, and anti-spinout directional control systems. These new systems are based on control system concepts, and they contain sensors, units for processing sensor information, and actuators for implementing desired control actions. These control systems perform functions that are difficult or tedious for the driver to perform. In the context of this book, the point is that the reasons for these functions can be stated in analytical terms. Related to this point, a goal of this book is to provide a conceptual approach that can aid professionals and those in the academic world in using ideas similar to those used in control system design to plan and envision functional enhancements to the vehicle system. A key element of this approach lies in translating the reason for a new functional capability into analytical rules that can be employed in a control system that makes the vehicle simultaneously safer, more comfortable in which to ride, and/ or easier to drive.
Practical approaches involving pragmatic considerations of reason and cause are treated for each of the traditional vehicle dynamics areas-ride, handling (steering), braking, and accelerating behavior. In each of these areas, this book covers the analysis of vehicle dynamics issues using physical principles, and it considers vehicle design in the sense that a design is a plan based on an understanding of the physical properties of the vehicle, as well as an understanding of what the vehicle is expected to do.
In the chapters related to handling, braking, and accelerating, the individual control inputs are viewed as a means of communication between the driver, or an automatic control system, and the basic vehicle. From a systems perspective, the driver or control system activates the controls to obtain vehicle system dynamics that fit the driver's or the control system's plans and expectations. Accordingly, this book not only focuses inwardly on mechanisms within the vehicle but also looks outwardly at broader considerations involving what the driver desires and how to achieve it.
Even in areas such as ride and roll where the driver has no direct means of influencing the motions caused by hitting holes and bumps, emphasis is placed on driver concerns with control and safety. A common theme is to indicate how driver and passenger considerations influence the design characteristics of motor vehicle systems.
This book is written for vehicle designers, developers, evaluators, and both senior undergraduate students and graduate students. Previous knowledge of differential equations and dynamics systems will be helpful in reading this book. Other material is treated in the appendices.
There are probably a handful of books on vehicle dynamics. Some of these books are written at a fundamental level that may not meet ambitious engineering program requirements. Others are specialized in certain fields of vehicle dynamics, including modeling and simulation. In this book, we attempt to strike a balance between theory and practice, fundamentals and advanced subjects, and generality and specialization. However, the book focuses on road vehicles, and little treatment is made for off-road vehicles. Road vehicles that frequently are driven off-road (e.g., sport utility vehicles [SUVs] ) are covered in this book. The book also emphasizes the use of cars and light trucks, with little treatment of vehicles with trailers. We had this emphasis in mind mainly for two reasons:
1. Engineers interested in off-road vehicle dynamics or the dynamics of multi-axle vehicles can build on the fundamentals given in this book.
2. Most vehicles produced for the public are classified as cars or light trucks (13 to 16 million such vehicles are sold annually). These also have the most stringent requirements for ride, safety, fuel economy, and other attributes.
We pay particular attention to the issue of safety in this book because it is among the leading (if not the leading) attributes in customers' minds when purchasing a vehicle. In addition, safety is the attribute loaded with governmental standards that must be met before the vehicle can be offered to the public. One complete chapter is written on accident reconstruction to address legal issues that result from an automotive accident.
This book contains ten chapters with an extended list of appendices. The appendices provide a review of the material needed before studying the book, or they provide other material that ensures consistency of the terms used in this book. Readers will find appendices covering matrix and vector algebra, Fourier series, Laplace transformation, vehicle dynamics terminology, direct numerical integration methods, and conversion of units.
Chapter 1 is an introduction and general review of dynamics. It covers vehicle system classification, dynamic systems and their models, generalized coordinates and degrees of freedom, discrete and continuous systems, vibration analysis, Newton's laws of motion, kinematics of rigid bodies, concepts of work and energy, impulse, D'Alembert's principle, Lagrange's equations of motion, holonomic and nonholonomic systems, and other subjects.
Chapter 2 focuses on the analysis of dynamic systems. Subjects treated include the classification of dynamic system models, constraints, generalized coordinates, degrees of freedom (DOF), classification of deterministic data, linear dynamic systems, free and forced vibrations, eigenvalues and eigenvectors, damping, nonlinear dynamic systems, random vibrations, and methods of analysis.
The forces acting on the vehicle are treated in Chapter 3, which covers tires and aerodynamic forces and moments. Particular emphasis is given to explaining how the tire produces the forces needed to move the vehicle laterally and longitudinally as well as to support the loads. Chapter 4 treats the subject of ride dynamics. Issues discussed include sources of vibrations, power spectral density, vehicle ride models, seat evaluation and modeling, discomfort evaluation, human body model, and material on active and semi-active control.
Chapter 5 covers roll dynamics and treats subjects on rollover, including rollover scenarios, rollover modeling, and rollover testing. Rollover modeling includes a suspended vehicle rollover model, steady-state rollover models, and a dynamic rollover model. Rollover testing includes the tilt table ratio (TTR) test and the side pull ratio (SPR) test. This chapter also includes studies on the contribution of tire deflection and suspension deflection to rollover. In addition, rollover control is discussed in this chapter.
Chapter 6 treats handling dynamics. Subjects include steady-state handling, understeer and oversteer, steering sensitivity, roll gain and roll damping, transient response, lateral acceleration and yaw rate response time, and others. Various handling models are presented, including a two-degrees-of-freedom yaw plane and nonlinear models. Safety considerations and overturning limits also are studied.
Chapter 7 discusses braking, spanning both drum and disk brakes. Torque distribution along the brake pads is discussed thoroughly, including the treatment of temperature rise.
Load transfer during braking under the effects of aerodynamic rolling and other forces, as well as the effect of grade, are studied. Optimal braking performance for single-and multi-axle braking is investigated, paying attention to safety. Front and rear lock-ups and anti-lock braking systems (ABS) also are discussed.
In Chapter 8, vehicle acceleration is studied, including load transfer during acceleration under the effect of various forces. Treatment of power and traction limited acceleration also is given. Studies are made on acceleration for various drivetrains, including frontwheel drive, rear-wheel drive, and four-wheel drive. Torque distribution for different drive axles and optimal tractive effort also are treated, as well as discussions on engine power and power transmission with manual, automatic, and other types of transmissions. Finally, safety features are presented, including limited slip axle and traction control.
Chapter 9 introduces total vehicle dynamics, covering both subjective and objective vehicle evaluations, dynamics of combined steering and braking, and combined steering and acceleration.
Chapter 10 presents the use of a wide variety of methodologies and software for accident reconstruction, based on the variation of physical evidence and accident investigative information.
Appendices A through G present a basic review of vector algebra, matrix analysis, Laplace transforms, a glossary of terms, direct numerical integration methods, units and conversions, and accident reconstruction formulae, respectively. Likewise, an extensive bibliography to guide the reader to further sources of information on road vehicle dynamics is provided at the end of the book. Both the S.I. and the U.S./English systems of units have been used throughout this book.
